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Abstract Possibility of using the polarized electron target
(PET) for testing the neutrino nature is considered. One as-
sumes that the incoming electron neutrino (νe) beam is the
superposition of left chiral states with right chiral ones. Con-
sequently the non–vanishing transversal components of νe
spin polarization may appear, both T-even and T-odd. νes are
produced by the low energy monochromatic (un)polarized
emitter located at a near distance from the hypothetical de-
tector which is able to measure both the azimuthal angle and
polar angle of the recoil electrons, and/or also the energy
of the outgoing electrons with a high resolution. A detec-
tion process is the elastic scattering of νes (Dirac or Majo-
rana) on the polarized electrons. Left chiral (LC) νes interact
mainly by the standard V −A interaction, while right chiral
(RC) ones participate only in the non-standardV +A, scalar
SR, pseudoscalarPR and tensor TR interactions.We show that
a distinction between the Dirac and Majorana νes is possi-
ble both for the purely left chiral states and the left-right
superposition. In the first case a departure from the standard
prediction of the azimuthal asymmetry of recoil electrons is
caused by the interferences between the non-standard com-
plex S and T couplings, proportional to the angular corre-
lations (T-even and T-odd) among the polarization of the
electron target, the incoming neutrino momentum and the
outgoing electron momentum. Such a deviation would indi-
cate the Dirac nature of νes. In the second variant the az-
imuthal asymmetry, polar distribution and energy spectrum
of scattered electrons are sensitive to the interference terms
between the standard and exotic interactions, proportional to
the various angular correlations (T-even and T-odd) among
the transversal νe spin polarization (related to the νe source),
the electron target polarization, the incoming νe momentum
and the outgoing electron momentum. The basic difference
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between the Dirac and Majorana νes arises from the absence
of T and V interactions in the Majorana scenario. More-
over, in the Majorana case the above observables contain
the non-vanishing interference between V −A andV +A in-
teractions, proportional to the T-even longitudinal νe polar-
ization. Our model-independent study is carried out for the
flavor νe eigenstates in the relativistic νe limit.
1 Introduction
One of the basic questions in the neutrino physics is whether
the νs are the Dirac or Majorana fermions. At present the
neutrinoless double beta decay is viewed as the main tool to
investigate νs nature [1–3], however the purely leptonic pro-
cesses (e.g. the neutrino-electron elastic scattering (NEES))
may also shed some light on this problem [4, 5]. Kayser and
Langacker have analyzed the νs nature problem in the con-
text of non-zero νs mass and of the standard model (SM)
V-A interaction [6–10] of only the LC νs. There is an al-
ternative opportunity of distinguishing between the Majo-
rana and Dirac νs by admitting the exotic V +A, scalar S,
pseudoscalar P and tensor T interactions coupling to the
LC and RC νs in the leptonic processes within the rela-
tivistic ν limit. The appropriate tests have been considered
by Rosen [11] and Dass [12]. It is also worthwhile notic-
ing the other interesting papers devoted to the ν nature [13–
18]. The above ideas involve the unpolarized detection tar-
get. When the target-electrons are polarized by an external
magnetic field, one has possibility of changing the rate of
weak interaction by inverting the direction of magnetic field.
This feature is very important in the detection of low energy
νes because the background level would be precisely con-
trolled [19]. PET seems to be a more sensitive laboratory
for probing the ν nature and time reversal symmetry viola-
tion in the leptonic processes (TRSV) than the unpolarized
2target due to the mentioned control of contribution of the
interaction to the cross section. It is worth reminding that
the PET has been proposed to test the flavor composition of
(anti)neutrino beam [20] and various effects of non–standard
physics. We mean the neutrino magnetic moments, TRSV in
the leptonic processes [21], axions, spin–spin interaction in
gravitation [22–28] The possibility of using polarized tar-
gets of nucleons and of electrons for the fermionic, scalar
and vector dark matter detection is also worth noticing [29–
31]. The methods of producing the spin-polarized gasses
such as helium, argon and xenon are described in [32, 33].
It is also essential to mention the measurements confirm-
ing the possibility of realizing the polarized target crystal of
Gd2SiO5 (GSO) doped with Cerium (GSO:Ce) [34].
Let us recall that there is no difference between the Dirac
and Majorana νs in the case of NEES with the standard V-A
interaction in the relativistic limit, when the target is unpo-
larized. In addition the standard couplings have to be the real
numbers as a consequence of the hermiticity condition of in-
teraction lagrangian for the NEES.
The SM does not allow to clarify the origin of parity viola-
tion, observed barion asymmetry of universe [35] through a
single CP-violating phase of the Cabibbo-Kobayashi-Mas-
kawa quark-mixing matrix (CKM) [36] and other funda-
mental problems. This situation led to the appearance of
many non-standard models: the left-right symmetric models
(LRSM) [37–41], composite models [42–44], models with
extra dimensions (MED) [45], the unparticle models (UP)
[46–58] and other schemes outside the SM [59–82]. It is also
noteworthy that the current experimental results still leave
some space for the scenarios with the exotic interactions.
Recently the study of the ν nature with a use of PET in the
case of standard V-A interaction, when the evolution of ν
spin polarization in the astrophysical environments is admit-
ted, has been carried out in [83].
In this paper we consider the elastic scattering of low en-
ergy νes (∼ 1MeV ) on the polarized electrons of target in
the presence of non-standard complex scalar, pseudoscalar,
tensor couplings and V +A interaction as a useful tool for
testing the ν nature. We show how the various types of az-
imuthal asymmetry, the polar distribution and the energy
spectrum of scattered electrons enable to distinguish between
the Dirac and Majorana νes both for the purely left chi-
ral states (only longitudinal νe polarization (ηˆν)
||) and the
left–right superposition (non–zero transversal νe polariza-
tion (ηˆν)
⊥), taking into account TRSV. Our study is model–
independent and carried out for the flavor–eigenstate (Dirac
and Majorana) νes in the relativistic limit. One assumes that
the monochromatic low energy and (un)polarized νe emitter
with a high activity is placed at a near distance from the de-
tector (or at the detector centre). The hypothetical detector is
assumed to be able to measure both the azimuthal angle φe
and polar angle θe of the recoil electrons, and/or also the en-
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Fig. 1 Production plane of the νe beam is spanned by the polarization
unit vector Sˆ of source and the νe LAB momentum unit vector qˆ. Re-
action plane is spanned by qˆ and the transverse electron polarization
vector of target (ηˆe)
⊥ for νe + e− → νe + e−. θ1 = pi/2 is the angle
between the orientation of polarization of the electron target ηˆe and qˆ,
so ηˆe · qˆ = 0 and ηˆe = (ηˆe)⊥. θe is the polar angle between qˆ and the
unit vector pˆe of recoil electron momentum. φe is the angle between
(ηˆe)
⊥ and the transversal component of outgoing electron momentum
(pˆe)
⊥.ηˆν = (sinθν cosφν , sinθν sinφν ,cosθν).
ergy of the outgoing electrons with a high resolution, Fig.1.
We utilize the experimental values of standard couplings:
cLV = 1+ (−0.04± 0.015),cLA = 1+ (−0.507± 0.014) to
evaluate the predicted effects [84]. The laboratory differen-
tial cross sections (see Appendix 1 for the Majorana νes and
[21] for the Dirac case) are calculated with the use of the co-
variant projectors for the incoming νes (including both the
longitudinal and transversal components of the spin polar-
ization) in the relativistic limit and for the polarized target-
electrons, respectively [85].
2 Elastic scattering of Dirac electron neutrinos on
polarized electrons
We analyze a scenario in which the incoming Dirac νe beam
is assumed to be the superposition of LC states with RC
ones. The detection process is the elastic scattering of Dirac
νes on the polarized target-electrons. LC νes interact mainly
by the standard V − A interaction and small admixture of
3non-standard scalar SL, pseudoscalar PL, tensor TL interac-
tions, while RC ones take part only in the exotic V +A and
SR,PR,TR interactions. As a result of the superposition of
the two chiralities the spin polarization vector have the non-
vanishing transversal polarization components, which may
give rise to both T-even and T-odd effects. As an example
of process in which the transversal ν polarization may be
produced, we refer to the ref. [86], where the muon capture
by proton has been considered. The amplitude for the νee
−
scattering in low energy region is of the form:
MDνee− =
GF√
2
{(ue′γα(cLV − cLAγ5)ue)(uνe′ γα(1− γ5)uνe)
+ (ue′γ
α(cRV + c
R
Aγ5)ue)(uνe′ γα (1+ γ5)uνe) (1)
+ cRS (ue′ue)(uνe′ (1+ γ5)uνe)
+ cRP(ue′γ5ue)(uνe′ γ5(1+ γ5)uνe)
+
1
2
cRT (ue′σ
αβ ue)(uνe′σαβ (1+ γ5)uνe)
+ cLS(ue′ue)(uνe′ (1− γ5)uνe)
+ cLP(ue′γ5ue)(uνe′ γ5(1− γ5)uνe)
+
1
2
cLT (ue′σ
αβ ue)(uνe′σαβ (1− γ5)uνe)},
where GF = 1.1663788(7)× 10−5GeV−2(0.6 ppm) [87] is
the Fermi constant. The coupling constants are denoted as
c
L,R
V , c
L,R
A , c
R,L
S , c
R,L
P , c
R,L
T respectively to the incoming νe of
left- and right-handed chirality. All the non-standard cou-
plings c
R,L
S , c
R,L
P , c
R,L
T are the complex numbers denoted as
cRS = |cRS |eiθS,R , cLS = |cLS |eiθS,L , etc. cL,RV , cL,RA coupling con-
stants are the real numbers as a consequence of hermitian
interaction lagrangian. Moreover, we take into account the
relations between the non-standard complex couplings with
left- and right-handed chirality appearing at the level of in-
teraction lagrangian: cLS,T,P = c
∗R
S,T,P.
3 Elastic scattering of Majorana electron neutrinos on
polarized electrons
The fundamental difference between theMajorana and Dirac
νes arises from a fact that the Majorana νes do not partici-
pate in the vector V and tensor T interactions. This is a direct
consequence of the (u,υ)–mode decomposition of the Ma-
jorana field. The amplitude for the NEES on the PET for the
Majorana low energy νes is as follows:
MMνee− =
2GF√
2
{−(ue′γα(cV − cAγ5)ue)(uνe′ γα γ5uνe) (2)
+ (ue′γ
α(c˜V + c˜Aγ5)ue)(uνe′ γα γ5uνe)
+ (ue′ue)
[
cLS(uνe′ (1− γ5)uνe)+ cRS(uνe′ (1+ γ5)uνe)
]
+ (ue′γ5ue)
[−cLP(uνe′ (1− γ5)uνe)+ cRP(uνe′ (1+ γ5)uνe)]}.
We see that the νe contributions from A,S,P are multiplied
by the factor of 2 as a result of the Majorana condition. The
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Fig. 2 Dirac (or Majorana) νe withV −A interaction: plot of Ay(Φmax)
as a function y (dotted line) and Aθe (Φmax) as a function of θe (solid
line) for ηˆν · qˆ = −1, Eν = 1MeV , Φmax = pi/2: upper plot for θ1 =
pi/18; middle plot for θ1 = pi/2; lower plot for θ1 = 17pi/18.
indexes L, (R) for the standard V −A and non-standardV +
A interactions are omitted. It means that both LC and RC
νes may take part in the above interactions. All the other
assumptions are the same as for the Dirac case.
4 Distinguishing between Dirac and Majorana
neutrinos through azimuthal asymmetries of recoil
electrons
In this section we analyze the possibility of distinguishing
the Dirac from Majorana νes through probing the azimuthal
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Fig. 3 Dirac (or Majorana) νe with V −A interaction: dependence of
d2σ/dφed θe on φe for ηˆν · qˆ=−1, Eν = 1MeV , θ1 = pi/2; θe = pi/12
(dotted line); θe = pi/6 (solid line); θe = pi/3 (dashed line).
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Fig. 4 Presence of non–standard couplings with ηˆν · qˆ= −1: depen-
dence of dσ/dφe on φe for different values of θ1 and Eν = 1MeV ;
upper plot for the case of Dirac νe with V − A and SR when |cRS | =
0.4,θS,R = 0; lower plot for Majorana νe with V −A and V +A when
|c˜V | = |c˜A| = 0.4; dotted line for θ1 = pi/4 solid line for θ1 = pi/2;
dashed line for θ1 = 3pi/4.
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Fig. 5 Dirac νe, presence of non–standard couplings with ηˆν · qˆ=−1:
upper plot; dependence of Φmax on ∆θST,R with θ1 = pi/2,Eν = 1MeV
in case of V −A with SR and TR when |cRS | = |cRT | = 0.2 (dashed line);
plot of Φmax on ∆θPT,R for θ1 = pi/2,Eν = 1MeV in case of V −A
with PR and TR when |cRP|= |cRT |= 0.2 (dotted line); lower plot: depen-
dence of A(Φmax) on ∆θST,R (dashed line) and on ∆θPT,R (dotted line),
respectively, with same assumptions as for Φmax.
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Fig. 6 Presence of non–standard couplings with ηˆν · qˆ = −1 for Ma-
jorana νes: plot of Aθe(Φmax) as a function of θe for the case of V −A
withV +A when Eν = 1MeV ; solid line for θ1 = pi/18; dotted line for
θ1 = pi/2; dashed line for θ1 = 17pi/18.
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Fig. 7 Superposition of LC νes with RC ones in presence of non–
standard couplings with ηˆν · qˆ=−0.95: dependence of A(Φmax) on φν
(solid line) and Φmax on φν (dashed line) for Eν = 1MeV,θ1 = pi/2.
TRSC: upper left plot for Dirac case of V − A and SR when |cRS | =
0.2,θS,R = 0; middle left plot for Majorana case ofV −A with SR when
|cRS | = 0.2,θS,R = 0; lower left plot for Dirac case of V − A with TR
when |cRT | = 0.2,θT,R = 0. TRSV: upper right plot for Dirac scenario
with V −A and SR when |cRS | = 0.2,θS,R = pi/2; middle right plot for
Majorana case of of V −A with SR when |cRS |= 0.2,θS,R = pi/2; lower
right plot for Dirac case of V −A and TR when |cRT |= 0.2,θT,R = pi/2.
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Fig. 8 Superposition of LC νes with RC ones in presence of non–
standard couplings with ηˆν · qˆ=−0.95: plot of Aθe(Φmax) as a function
of θe for the case of V − A with SR when Eν = 1MeV , φν = 0;left
column for Dirac νe, right column for Majorana νe; upper plot for
θ1 = 0; middle plot for θ1 = pi/2; lower plot for θ1 = pi ; solid line
for |cRS | = 0.4, θS,R = 0; dotted line for |cRS | = 0.4, θS,R = pi/4;dashed
line for |cRS | = 0.4, θS,R = pi/2.
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Fig. 9 Superposition of LC νes with RC ones in presence of non–
standard couplings with ηˆν · qˆ=−0.95: plot of Aθe (Φmax) as a function
of θe for the case of V −A with SR when Eν = 1MeV , φν = pi/4;left
column for Dirac νe, right column for Majorana νe; upper plot for
θ1 = 0; middle plot for θ1 = pi/2; lower plot for θ1 = pi ; solid line
for |cRS | = 0.4, θS,R = 0; dotted line for |cRS | = 0.4, θS,R = pi/4;dashed
line for |cRS |= 0.4, θS,R = pi/2.
asymmetries of recoil electrons (defined in the Appendix 2).
Let us remind that the Dirac and Majorana νes can not be
discriminated in the case of V-A interaction with ηˆν · qˆ=−1
in the relativistic ν limit, even if the target-electrons are po-
larized. The illustration of this regularity are the Fig. 2 and
Fig.3. The Fig. 2 shows how the asymmetries Ay(Φmax),
Aθe(Φmax) depend on the angle θ1 between ηˆe and qˆ. For
simplicity, Fig. 1 is made for θ1 = pi/2.We see that the max-
imum values of Ay(Φmax) and Aθe(Φmax) grow from 0.008
at θe = pi/6 for θ1 = pi/18 (upper plot) to 0.42 at θe = pi/12
for θ1 = 17pi/18 (lower plot). Although the magnitude of
the asymmetries may change, orientation of the asymmetry
axis is fixed at Φmax = pi/2. This is also illustrated on the
plot of d2σ/dφed θe in Fig.3.
When one departs from the pure V −A interaction and, still
assuming fully longitudinal polarization of incoming νes (ηˆν ·
qˆ = −1), one introduces the non–standard couplings in the
detection process, the asymmetries A(Φmax), Ay(Φmax) and
Aθe(Φmax) can distinguish between the Dirac and Majorana
νes in the vanishing νe mass limit. The Fig. 4 displays that
the azimuthal distribution of recoil electrons for the Dirac
νes has the maximum at φe = pi for θ1 = pi/4,pi/2,3pi/4
(upper plot), while for the Majorana ones the maximum is
shifted to φe = 0 = 2pi (lower plot). The presence of non–
standard S,T,P complex couplings of Dirac νes produces,
among other terms, the non–vanishing triple angular corre-
lations composed of qˆ, pˆe,(ηˆe)
⊥ vectors. It allows to search
6for the effects of TRSV in the NEES. In the Majorana case
the interference between V −A and V +A interactions pro-
portional to T–even correlations only survives. The Fig. 5
shows how the asymmetry axis location Φmax (upper plot)
and the magnitude of A(Φmax) (lower plot) depend on the
phase differences ∆θST,R = θS,R − θT,R (dashed lines) and
∆θPT,R = θP,R − θT,R (dotted lines) for θ1 = pi/2. For illus-
trative purposes, we present the formula on A(Φ) with θ1
dependence for the Dirac scenario with V −A, SR and TR in-
teractions when θν = pi , assuming the experimental values
of standard couplings, Eν = 1MeV, |cRS |= |cRT |= 0.2:
A
T,R
S,R (Φ) =−
{[
1.699sinθ1(0.362sin(∆θST,R−Φ) (3)
+0.04sin(∆θST,R +Φ)− 3.07sinΦ)
]
/[
− 2(1.338cos∆θST,R− 30.531)cosθ1
−0.885cos∆θST,R + 82.191
]}
.
We see that for θ1 = 0 = pi the asymmetry vanishes. The
case of V −A with PR and TR interactions when θν = pi has
been added to show the differences between both scenarios.
The observation of departure of the asymmetry axis location
from Φ = pi/2 would indicate the Dirac νes and signalize
the possibility of TRSV.
The other asymmetry Ay(Φmax) shown in Fig. 6 may attain
the extreme values close to 1 at θe = 5pi/18 (dashed line)
for the Majorana scenario withV −A andV +A interactions
when θν = pi and θ1 = 17pi/18. The standard value is ex-
pected to be 0.42 at θe = pi/12.
When one assumes that the incoming νe beam is the super-
position of LC νs with RC ones and there is the experimen-
tal control of angle φν connected with (ηˆν)
⊥ shown in the
Fig.1, we have a new possibility of testing the νe nature and
the TRSV by probing the dependence of A(Φmax) and the
asymmetry axes location Φmax on φν . The Fig. 7 illustrates
the effects for the scenario with V −A and SR interactions.
The detection of such regularity would indicate the existence
of exotic scalar couplings of RC νs. The precise measure-
ment of magnitude of A(Φmax) would help to distinguish
between the Dirac and Majorana νes, and detect the TRSV.
The Fig. 8 displays the impact of θ1 on the possibility of
distinction between the Dirac and Majorana νes by mea-
suring the asymmetry Aθe(Φmax) at fixed location of (ηˆν )
⊥
(φν = 0) for the variant of V −A with SR interactions. The
maximum values of Aθe(Φmax) for θ1 = 0 increase to 0.02
in the Dirac case (solid line in left upper plot), and to 0.04
in the Majorana case (right upper plot) in comparison to the
standard expectation of 0.008. When θ1 = pi/2 the magni-
tude of Aθe(Φmax) may decrease to around 0.01 for the Ma-
jorana νes (solid line in middle right plot), while the standard
prediction gives 0.08 at θe = pi/6. When the TRSV takes
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Fig. 10 Dirac (or Majorana) νe with V −A interaction, ηˆν · qˆ = −1,
Eν = 1MeV : plot of dσ/dθe as a function of θe for different values
of θ1; dotted line for θ1 = 0; solid line for θ1 = pi/2; dashed line for
θ1 = pi .
place the maximum value of Aθe(Φmax) for θ1 = pi decreases
to around 0.2 for the Majorana νes (solid line in lower right
plot), and to around 0.05 in the Dirac case (dashed line in
lower left plot) compared to the standard expectation of 0.42
at θe = pi/12. The change of configuration φν causes the
change of values of Aθe(Φmax), Fig. 9.
It is necessary to point out that from an experimental point of
view a searching for the differences between the Dirac and
Majorana νes by the measurement of observables dependent
on (ηˆν )
⊥ related to the production process would be ex-
tremely difficult. In order to measure Aθe(Φmax) one should
determine the location of Φmax by counting the events along
the azimuthal angle (at fixed θe for any configuration of φν )
from Φ to Φ +pi and from Φ +pi to Φ +2pi (for variousΦ);
in this way Φmax and Aθe(Φmax) would be found according
to its definition. These measurements have to be repeated
for different θes. The drawn curve with respect to θe should
fit to a one of the curves on the Fig. 6. The measurement of
A(Φmax)would proceed in the similar way as above, but now
θe is not fixed (azimuthal orientation of (ηˆν )
⊥ of the incom-
ing νes described by φν is fixed instead). One counts events
along azimuthal angle from Φ to Φ +pi and from Φ +pi to
Φ + 2pi for all θe. The repetition of the measurements for
different φν would give the curve with respect to φν which
should fit to a one of the curves on the Fig. 7.
5 Distinguishing between Dirac and Majorana
neutrinos via spectrum and polar angle distribution of
scattered electrons
In this section we explore the νe nature problem by using
the electron energy spectrum and polar angle distribution of
scattered electrons. To begin with, it is worth recalling that
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Fig. 11 Dirac (or Majorana) νe with V −A interaction ηˆν · qˆ = −1,
Eν = 1MeV : plot of dσ/dy as a function of y for different values of
θ1: solid line for θ1 = 0; dashed line for θ1 = pi/2; dotted line for
θ1 = pi .
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Fig. 12 Superposition of LC νes with RC ones in presence of non–
standard couplings with ηˆν · qˆ = −0.95: dependence of dσ/d y on y
for Eν = 1MeV , φν = 0,θ1 = pi/2. Upper plot for TRSC: standard
V −A interaction (solid line); Dirac νe withV −A and TR when |cRT |=
0.3,θT,R = 0 (dashed-dotted line); Dirac case of V −A and SR when
|cRS |= 0.3,θS,R = 0 (dotted line); Majorana νe for V −A with SR when
|cRS | = 0.3,θS,R = 0 (dashed line). Lower plot for TRSV: standard V −
A interaction (solid line); Dirac νe with V − A and TR when |cRT | =
0.3,θT,R = pi/2 (dashed-dotted line); Dirac case of V −A and SR when
|cRS | = 0.3,θS,R = pi/2 (dotted line); Majorana νe for V −A with SR
when |cRS | = 0.3,θS,R = pi/2 (dashed line).
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Fig. 13 Superposition of LC νes with RC ones in presence of non–
standard couplings with ηˆν · qˆ = −0.95: dependence of dσ/dθe as a
function of θe for Eν = 1MeV , φν = 0,θ1 = pi/2. Upper plot for TRSC:
standardV −A interaction (solid line); Dirac ν withV −A and TR when
|cRT | = 0.3,θT,R = 0 (dashed-dotted line); Dirac case of V −A and SR
when |cRS |= 0.3,θS,R = 0 (dotted line); Majorana νe for V −A with SR
when |cRS |= 0.3,θS,R = 0 (dashed line). Lower plot for TRSV: standard
V −A interaction (solid line); Dirac ν with V −A and TR when |cRT | =
0.3,θT,R = pi/2 (dashed-dotted line); Dirac case ofV −A and SR when
|cRS | = 0.3,θS,R = pi/2 (dotted line); Majorana νe for V − A with SR
when |cRS |= 0.3,θS,R = pi/2 (dashed line).
the above observables do not allow to differentiate between
the Dirac and Majorana νes in the case of standard V −A
interaction in the relativistic limit; see Figs. (10-11) which
are made for θ1 = 0,pi/2,pi .
If one assumes that the νe source produces the superposi-
tion of LC with RC νs and one has the fixed location of
(ηˆν)
⊥ with respect to the production plane, the cross sec-
tions dσ/dθe, dσ/dy for the detection of Dirac and Ma-
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Fig. 14 Superposition of LC νes with RC ones in presence of non–
standard couplings with ηˆν · qˆ = −0.95: dependence of dσ/d y on y
for different values of θ1 when Eν = 1MeV , φν = 0. Upper plot for
θ1 = 0; middle plot for θ1 = pi/2; lower plot for θ1 = pi ; dashed line
for Dirac νe with V −A and TR, |cRT | = 0.3,θT,R = 0; dotted line for
Majorana νe with V −A with SR, |cRS | = 0.3,θS,R = 0; solid line for
Dirac νe withV −A and SR when |cRS |= 0.3,θS,R = 0.
jorana νes contain the interferences between the standard
couplings of LC νs and non–standard couplings of RC ones
proportional to the various angular correlations (T-even and
T-odd) among (ηˆν )
⊥, qˆ, pˆe,(ηˆe)⊥ vectors. Consequently the
linear contributions from the non–standard interactions al-
low to distinguish between the Dirac and Majorana νes, and
search for the TRSV, Figs. (12-16). The significant differ-
ences in the low energy region of recoil electrons spectrum
for the Dirac νes with V − A and TR interactions, both for
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Fig. 15 Superposition of LC νes with RC ones in presence of non-
standard couplings with ηˆν · qˆ = −0.95: dependence of dσ/dθe as a
function of θe for different values of θ1 when Eν = 1MeV , φν = 0.
Upper plot for Dirac νe with V −A and SR when |cRS | = 0.4,θS,R = 0:
solid line for θ1 = 0; dotted line for θ1 = pi/2; dashed line for θ1 = pi .
Lower plot for Majorana νe withV −A and SR when |cRS |= 0.4,θS,R =
0: solid line for θ1 = 0 ; dotted line for θ1 = pi/2; dashed line for
θ1 = pi .
TRSC (dashed-dotted line in upper plot) and TRSV (dashed-
dotted line in lower plot) when θ1 = pi/2 can be noticed, Fig.
12. The polar distribution of scattered electrons seen in the
Fig. 13 displays a similar departure for the same scenario.
The Fig. 14 shows how the change of θ1 affects the energy
spectrum of recoil electrons in the presence of interferences
related to (ηˆν )
⊥, both for the Dirac and Majorana νes. The
noticeable deviations for the low energy recoil electrons in
the case of Dirac scenario with V − A and TR interactions
when θ1 = 0,pi/2 are seen (dashed line in upper and mid-
dle plots). The departure from the standard prediction in the
Majorana case with V −A and SR interactions when θ1 = pi
is visible in the high energy scattered electrons region (dot-
ted line in lower plot). The Figs. (15-16) show the impact of
θ1 on the magnitude of effects caused by the contributions
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Fig. 16 Superposition of LC νes with RC ones for Dirac νe withV −A
and TR, |cRT | = 0.4,θT,R = 0 and ηˆν · qˆ = −0.95: plot of dσ/dθe as a
function of θe for different values of θ1 when Eν = 1MeV , φν = 0;
solid line for θ1 = 0; dotted line for θ1 = pi/2; dashed line for θ1 = pi .
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Fig. 17 Presence of non–standard couplings with ηˆν · qˆ =−1: plot of
dσ/dθe as a function of θe for different values of θ1 and Eν = 1MeV ;
upper plot for the case of Dirac νe with V − A and SR when |cRS | =
0.4,θS,R = 0; lower plot for Majorana νe with V −A and V +A when
|c˜V | = |c˜A| = 0.4; dotted line for θ1 = pi/4 solid line for θ1 = pi/2;
dashed line for θ1 = 3pi/4.
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Fig. 18 Presence of non–standard couplings with ηˆν · qˆ= −1: plot of
dσ/dy as a function of y for different values of θ1 and Eν = 1MeV ;
upper plot for the case of Dirac νe with V − A and SR when |cRS | =
0.4,θS,R = 0; lower plot for Majorana νe with V −A and V +A when
|c˜V | = |c˜A| = 0.4; dotted line for θ1 = pi/4 solid line for θ1 = pi/2;
dashed line for θ1 = 3pi/4.
connected with (ηˆν )
⊥ in the case of polar distribution of re-
coil electrons. The shape of distributions is similar for the
Dirac and Majorana νes with V −A and SR interactions, but
the maximum values are slightly larger in the Majorana case
Fig. 15. The Dirac scenario with V −A and TR interactions
illustrated in the Fig. 16 would mean that the maximum val-
ues of distribution should be observed for different values of
θe than the standard location, Fig. 10. It is worth noting that
all the Figs. (12-16) have been made at fixed configuration
of azimuthal angle φν = 0. Each change of φν would affect
the shape and maximum values of polar distributions. The
similar changes would manifest in the case of spectrum.
When the incoming νe beam has only longitudinal compo-
nent of polarization, i.e. ηˆν · qˆ = −1, there is still the op-
portunity of distinguishing between the Dirac and Majorana
νes, but the effects of TRSV can not be observed due to the
annihilation of interferences between the standard and ex-
otic couplings proportional to the T-odd correlations, Fig.
(17-18). Both plots illustrate the influence of θ1 on the pos-
sibility of distinguishing between the Dirac and Majorana
νes for the various scenarios. The polar distribution of recoil
electrons dσ/dθe for the Dirac νes with V −A and SR in-
teractions has maximum at θe ≃ 0.7 for θ1 = pi/4, while for
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the Majorana νes with V −A andV +A interactions dσ/dθe
achieves maximum at θe ≃ 0.5 for the same θ1. Moreover,
the maximum values of both distributions are different for
a given θ1, Fig. 17. The differences on the recoil electrons
spectrum are enough visible for the low energy recoil elec-
trons and in the high energy region for y ∈ [0.5,0.8], Fig.
18.
6 Conclusions
We have shown that the various types of the azimuthal asym-
metries of recoil electrons, the energy spectrum and the po-
lar angle distribution of scattered electrons are sensitive to
the differences between the effects caused by the Dirac and
Majorana νes interacting with PET in the presence of ex-
otic interactions, both for θν = pi and θν 6= pi with (ηˆν)⊥ 6=
0. The high-precision measurements of these quantities can
shed some light on the fundamental problems of ν nature
and TRSV in the leptonic processes. It is necessary to stress
that new tests require the strong low-energy (monochromatic)
νe sources, the large PET, and the detectors sensitive to the
measurement of the azimuthal angle and polar angle of re-
coil electrons with the high angular resolution. The propos-
als of this type of detectors have been discussed in the lit-
erature [88–93]. The high-resolution measurements of the
spectrum of low energy outgoing electrons need the detec-
tors with the ultra low threshold and background. The in-
teresting concepts of various (monochromatic) νe sources
are also worth noticing [94–99]. A preliminary study on the
feasibility of electron polarized scintillating GSO target has
been carried out by [34]. In order to make the detection of
(ηˆν )
⊥–dependent effects feasible, further studies on the ap-
propriate choice of νe source, in which the exotic couplings
of RC νes in addition to the LC ones take part, are needed to
explain the basic role of production process in generating νe
beam with non–zero (ηˆν )
⊥ and in controlling the angle φν ,
Fig. 1. Today the controlled production of νe beam with the
fixed direction of (ηˆν )
⊥ with respect to the production plane
is still impossible, so the variant with the use of unpolarized
νe source generating only the longitudinally polarized νes
seems to be more available.
7 Appendix 1- General formula on laboratory
differential cross section for elastic scattering of
Majorana νes on PET
The laboratory differential cross section for the Majorana
νes, when ηˆe ⊥ qˆ (θ1 = pi/2), is of the form:
d2σ
dydφe
=
(
d2σ
dydφe
)
V−A
+
(
d2σ
dydφe
)
V+A
(4)
(
d2σ
dydφe
)V+A
V−A
+
(
d2σ
dydφe
)
(S,P)R
+
(
d2σ
dydφe
)SR
V−A
+
(
d2σ
dydφe
)PR
V−A
+
(
d2σ
dydφe
)SR
V+A
+
(
d2σ
dydφe
)PR
V+A
,
(
d2σ
dydφe
)
V−A
= B
{
c2A
[
(ηˆe)
⊥ · (pˆe)⊥ηˆν · qˆ(y− 2) (5)
·
√
y
(
2me
Eν
+ y
)
+ y2− 2y+ 2+ me
Eν
y
]
+ c2V
[
(ηˆe)
⊥ · (pˆe)⊥ηˆν · qˆ y
√
y
(
2me
Eν
+ y
)
+ y2− 2y+ 2− me
Eν
y
]
+ 2cV cA
[
(ηˆe)
⊥ · (pˆe)⊥
√
y
(
2me
Eν
+ y
)
(y− 1)
+ y(y− 2)ηˆν · qˆ
]}
,
(
d2σ
dydφe
)
V+A
= B
{
c˜2A
[
(ηˆe)
⊥ · (pˆe)⊥ηˆν · qˆ(y− 2) (6)
·
√
y
(
2me
Eν
+ y
)
+ y2− 2y+ 2+ me
Eν
y
]
+ c˜2V
[
(ηˆe)
⊥ · (pˆe)⊥ηˆν · qˆ y
√
y
(
2me
Eν
+ y
)
+ y2− 2y+ 2− me
Eν
y
]
− 2c˜V c˜A
[
(ηˆe)
⊥ · (pˆe)⊥
√
y
(
2me
Eν
+ y
)
(y− 1)
+ y(y− 2)ηˆν · qˆ
]}
,
(
d2σ
dydφe
)V+A
V−A
= 2B
{
cA
[
c˜A
(√
y
(
2me
Eν
+ y
)
ηˆν · qˆ (7)
· (ηˆe)⊥ · (pˆe)⊥(y− 2)+ y2− 2y+ 2+ me
Eν
y
)
+ c˜V
(√
y
(
2me
Eν
+ y
)
(ηˆe)
⊥ · (pˆe)⊥(1− y)
− y(y− 2)ηˆν · qˆ
)]
+ cV
[
c˜A
(√
y
(
2me
Eν
+ y
)
· (ηˆe)⊥ · (pˆe)⊥(y− 1)+ y(y− 2)ηˆν · qˆ
)
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− c˜V
(
y
√
y
(
2me
Eν
+ y
)
ηˆν · qˆ(ηˆe)⊥ · (pˆe)⊥
+ y2− 2y+ 2−me
Eν
y
)]}
,
(
d2σ
dydφe
)
(S,P)R
= B
{
y
(
y+ 2
me
Eν
)
|cRS |2+ y2|cRP|2 (8)
− 4y
√
y
(
2me
Eν
+ y
)
(ηˆe)
⊥ · (pˆe)⊥ηˆν · qˆ
· [Re(cRS )Re(cRP)+ Im(cRS )Im(cRP)]
}
,
(
d2σ
dydφe
)SR
V−A
= 2B
{
2cV
√
y
(
2me
Eν
+ y
)
(9)
·
(
(ηˆν )
⊥ · (qˆ× (pˆe)⊥)Im(cRS )+ (ηˆν)⊥ · (pˆe)⊥Re(cRS )
)
− cA
(
Eν
me
y+ 2
)[
(pˆe)
⊥ · ((ηˆe)⊥× (ηˆν)⊥)Im(cRS )
·
√
y
(
2me
Eν
+ y
)
+ y
(
(ηˆe)
⊥ · (pˆe)⊥
(
(ηˆν )
⊥ · (qˆ× (pˆe)⊥)
· Im(cRS )+ (ηˆν)⊥ · (pˆe)⊥Re(cRS )
)
− Im(cRS )
· qˆ · ((ηˆe)⊥× (ηˆν)⊥)+ me
Eν
(ηˆe)
⊥ · (ηˆν)⊥Re(cRS )
)]}
,
(
d2σ
dydφe
)PR
V−A
= 2BcA y
{
Eν
me
y(ηˆν )
⊥ · (pˆe)⊥
(
Im(cRP) (10)
· (ηˆe)⊥ · (qˆ× (pˆe)⊥)+ (ηˆe)⊥ · (pˆe)⊥Re(cRP)
)
+ 2(ηˆν)
⊥ · (pˆe)⊥
(
(ηˆe)
⊥ · (qˆ× (pˆe)⊥)Im(cRP)+Re(cRP)
· (ηˆe)⊥ · (pˆe)⊥
)
+(y− 2)(ηˆe)⊥ · (ηˆν)⊥Re(cRP))
−
√
y
(
2me
Eν
+ y
)
(pˆe)
⊥ · ((ηˆe)⊥× (ηˆν)⊥)Im(cRP)
}
,
(
d2σ
dydφe
)SR
V+A
= − 2B
{
2c˜V
√
y
(
2me
Eν
+ y
)
(11)
·
(
(ηˆν )
⊥ · (qˆ× (pˆe)⊥)Im(cRS )+ (ηˆν)⊥ · (pˆe)⊥Re(cRS )
)
+ c˜A
(
Eν
me
y+ 2
)[
(pˆe)
⊥ · ((ηˆe)⊥× (ηˆν)⊥)Im(cRS )
·
√
y
(
2me
Eν
+ y
)
+ y
(
(ηˆe)
⊥ · (pˆe)⊥
(
(ηˆν )
⊥ · (qˆ× (pˆe)⊥)
· Im(cRS )+ (ηˆν)⊥ · (pˆe)⊥Re(cRS )
)
− Im(cRS)
· qˆ · ((ηˆe)⊥× (ηˆν)⊥)+ me
Eν
(ηˆe)
⊥ · (ηˆν)⊥Re(cRS )
)]}
(
d2σ
dydφe
)PR
V+A
= 2Bc˜A y
{
Eν
me
y(ηˆν)
⊥ · (pˆe)⊥
(
Im(cRP) (12)
· (ηˆe)⊥ · (qˆ× (pˆe)⊥)+ (ηˆe)⊥ · (pˆe)⊥Re(cRP)
)
+ 2(ηˆν)
⊥ · (pˆe)⊥
(
(ηˆe)
⊥ · (qˆ× (pˆe)⊥)Im(cRP)+Re(cRP)
· (ηˆe)⊥ · (pˆe)⊥
)
+(y− 2)(ηˆe)⊥ · (ηˆν)⊥Re(cRP))
−
√
y
(
2me
Eν
+ y
)
(pˆe)
⊥ · ((ηˆe)⊥× (ηˆν)⊥)Im(cRP)
}
,
y ≡ Te
Eν
=
me
Eν
2cos2θe
(1+ me
Eν
)2− cos2θe , (13)
where Te is the kinetic energy of the recoil electron; Eν
is the incoming νe energy; me is the electron mass; B ≡(
Eνme/2pi
2
)(
G2F/2
)
. ηˆν is the unit 3-vector of νe spin po-
larization in its rest frame, Fig. 1. (ηˆν · qˆ)qˆ is the longitudi-
nal component of νe spin polarization. |ηˆν · qˆ| = |1− 2QνL|,
where QνL is the probability of producing the LC νe. We see
that the interference terms between standard V −A and ex-
otic SR,PR couplings depend on the transversal νe spin polar-
ization related to the production process (similar regularity
as in the Dirac case [21]).
8 Appendix 2 - Definitions of asymmetry functions
The asymmetry functions A(Φ),Ay(Φ),Aθe(Φ) are defined
as
A(Φ) :=
Φ+pi∫
Φ
dσ
dφe
dφe−
Φ+2pi∫
Φ+pi
dσ
dφe
dφe
Φ+pi∫
Φ
dσ
dφe
dφe +
Φ+2pi∫
Φ+pi
dσ
dφe
dφe
, (14)
Ay(Φ) :=
Φ+pi∫
Φ
d2σ
dφedy
dφe−
Φ+2pi∫
Φ+pi
d2σ
dφedy
dφe
Φ+pi∫
Φ
d2σ
dφedy
dφe +
Φ+2pi∫
Φ+pi
d2σ
dφedy
dφe
, (15)
Aθe(Φ) :=
Φ+pi∫
Φ
d2σ
dφedθe
dφe−
Φ+2pi∫
Φ+pi
d2σ
dφedθe
dφe
Φ+pi∫
Φ
d2σ
dφedθe
dφe +
Φ+2pi∫
Φ+pi
d2σ
dφedθe
dφe
. (16)
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